Why do some animals mate with one partner rather than many? Here, I investigate factors related to (i) spatial constraints (habitat limitation, mate availability), (ii) time constraints (breeding synchrony, length of breeding season), (iii) need for parental care, and (iv) genetic compatibility, to see what support can be found in different taxa regarding the importance of these factors in explaining the occurrence of monogamy, whether shown by one sex (monogyny or monandry) or by both sexes (mutual monogamy). Focusing on reproductive rather than social monogamy whenever possible, I review the empirical literature for birds, mammals and fishes, with occasional examples from other taxa. Each of these factors can explain mating patterns in some taxa, but not in all. In general, there is mixed support for how well the factors listed above predict monogamy. The factor that shows greatest support across taxa is habitat limitation. By contrast, while a need for parental care might explain monogamy in freshwater fishes and birds, there is clear evidence that this is not the case in marine fishes and mammals. Hence, reproductive monogamy does not appear to have a single overriding explanation, but is more taxon specific. Genetic compatibility is a promising avenue for future work likely to improve our understanding of monogamy and other mating patterns. I also discuss eight important consequences of reproductive monogamy: (i) parentage, (ii) parental care, (iii) eusociality and altruism, (iv) infanticide, (v) effective population size, (vi) mate choice before mating, (vii) sexual selection, and (viii) sexual conflict. Of these, eusociality and infanticide have been subject to debate, briefly summarised herein. A common expectation is that monogamy leads to little sexual conflict and no or little sexual selection. However, as reviewed here, sexual selection can be substantial under mutual monogamy, and both sexes can be subject to such selection. Under long-term mutual monogamy, mate quality is obviously more important than mate numbers, which in turn affects the need for pre-mating mate choice. Overall, I conclude that, despite much research on genetic mating patterns, reproductive monogamy is still surprisingly poorly understood and further experimental and comparative work is needed. This review identifies several areas in need of more data and also proposes new hypotheses to test.
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I. INTRODUCTION
Monogamy refers to a mating system in which males and females typically mate with only one partner. Given the vast amount of research on understanding many aspects of polygamy over the last decades, a review that explicitly focuses on reproductive monogamy is timely. This review starts by considering monogamy in the light of our understanding of polygamy and briefly explores enforced versus voluntary monogamy. Many previous reviews have provided extensive definitions and classifications of monogamy. While I agree that this is important, I have limited my contribution to the glossary in Table 1 . In this review, I focus on reproductive rather than social monogamy, but for clarity I indicate which of these my examples refer to. I then review several ecological factors related to spatial and temporal constraints that may select for monogamy and investigate to what extent parental care and genetic compatibility may select for monogamy. Finally, the consequences of monogamy are reviewed, including how monogamy influences levels of maternity and paternity, evolution of parental care, eusociality and altruism, and infanticide, and also how effective population size, mate choice before mating and other aspects of sexual selection are affected by monogamy.
(1) Monogamy in the light of polygamy
In general, males have much to gain from polygyny because male lifetime reproductive success usually increases with each additional mate (Bateman, 1948) , but many recent studies have found that females can also gain fitness benefits from polyandry (Jennions & Petrie, 2000; Kvarnemo & Simmons, 2013; Pizzari & Wedell, 2013) . Presumably, this is one reason why polygamy is so common and why socially monogamous species often prove to be reproductively polygamous upon DNA-based inspection (Hughes, 1998; Griffith, Owens & Thuman, 2002 ). Yet, even if polygamy is the rule and monogamy the exception, reproductive monogamy exists in a wide range of taxa. Mutual monogamy, monogyny or monandry have been documented genetically in species of shrimps and crabs (Mathews, 2007; McKeown & Shaw, 2008; Pardo et al., 2016) , sharks (Chapman et al., 2004) , catfish (Tatarenkov et al., 2006) , cichlids (Egger et al., 2006; Schaedelin, van Dongen & Wagner, 2015) , seahorses (Kvarnemo et al., 2000; Kvarnemo, Moore & Jones, 2007; Wilson & Martin-Smith, 2007; Woodall, Koldewey & Shaw, 2011; Rose et al., 2014) , dik-diks , beavers (Syrůčková et al., 2015) , guinea pigs (Hohoff et al., 2002) , marsupials (Brown, Carthew & Cooper, 2007) , monkeys (Huck et al., 2014) , lizards (Gardner, Bull & Cooper, 2002) , and birds, such as silvereyes (Robertson et al., 2001) , crossbills (Kleven, Bjerke & Lifjeld, 2008) , loons (Piper et al., 1997) , storm-petrels (Quillfeldt et al., 2001 ) and owls (Marks, Dickinson & Haydock, 1999; Koopman, McDonald & Hayward, 2007; Rodriguez-Martínez et al., 2014) . Understanding why some animals mate with one partner rather than several for a single breeding event is as intriguing as understanding why others form lifelong pair-bonds. Although the main focus of this review is monogamy shown by both sexes (mutual monogamy), monogamy shown by one sex (monogyny or monandry) is also included when relevant.
What are the selective factors that override the benefits of multiple mates and favour single mates? Costs of multiple mates (and hence benefits of monogamy, monogyny or monandry) relate to sexual conflict, sexually transmitted diseases and immune function (Jennions & Petrie, 2000; Altizer et al., 2003; McLeod & Day, 2014) . Also, males that attempt to form pair-bonds with multiple females often have difficulty mate-guarding all of them (Petrie & Kempenaers, 1998; Clutton-Brock & Isvaran, 2006) , and providing adequate care or protection to the broods (Ranta & Kaitala, 1999) . Hence, monogyny can be maintained by both sexual and natural selection if polygynous males produce fewer offspring than do monogynous males.
Conversely, the direct benefits of multiple mates (costs of monogamy, monogyny or monandry) include access to more resources, such as receiving multiple nuptial gifts (Simmons, 1990; Arnqvist & Nilsson, 2000) and increased protection against infanticide through paternity dilution (Wolff & MacDonald, 2004; Klemme & Ylönen, 2010; Lukas & Huchard, 2014 ; although in other contexts monogamy may reduce predation and infanticide; Sommer, 2003; Section III.4 Mating pattern: shown by an individual, but can be shared by many individuals within a population or species; a description of how many partners a male and/or female has, often loosely classified as monogamy or polygamy, or, more strictly, as monandry, monogyny, mutual monogamy, polyandry, polygyny or polygynandry. N.B. For descriptions like these to be meaningful, they should be accompanied by a description over which time-frame they apply: Short-term mating pattern: when a mating pattern only lasts over one breeding event (also referred to as serial or sequential; thus, for example, serial monogyny becomes polygyny over time). Long-term mating pattern: when a mating pattern lasts over multiple breeding events.
Social mating pattern: describes a mating pattern that is based on behavioural observations of males and females. Often inferred indirectly by formation or lack of pair-bonds. Social mating patterns are interesting in their own right but at least in some taxa are poor indicators of actual reproduction. Reproductive mating pattern: following Reichard (2003) , this term is used to describe a mating pattern that is based on the sexual or genetic mating pattern: Genetic mating pattern: mating pattern determined using DNA samples from offspring, showing which males and females are reproducing together. Sexual mating pattern: mating pattern based on observed matings (copulations or spawnings), indicating which males and females are reproducing together. The sexual mating pattern may differ from the genetic mating pattern because not all matings are easily observed, and not all matings result in fertilised offspring, because many factors (timing of mating, first/last male sperm precenence, sperm competition, cryptic mate choice, etc.) can influence whether, for example, extra-pair copulations result in extra-pair young.
Monogamy: males and females typically mate and reproduce with only one partner: Monandry: each female mates and reproduces with only one male (this term contains no information regarding how many partners the male has). Monogyny: each male mates and reproduces with only one female (this term contains no information regarding how many partners the female has). Mutual monogamy (monogynandry): one male and one female mate and reproduce only with each other (should only be used when both sexes have been investigated).
Polygamy: males and females typically mate and reproduce with more than one partner: Polyandry: females mate and reproduce with more than one male (this term contains no information regarding how many partners the males have; however, the expression 'classic polyandry' typically implies that polyandrous females are mated to socially monogynous males). Polygyny: males mate and reproduce with more than one female (this term contains no information regarding how many partners the females have). Polygynandry: both sexes mate and reproduce with multiple mates (should only be used when both sexes have been investigated).
Facultative monogamy: monogamy that varies, within species or even within individuals, for example in relation to density of mates or some other resource, such as habitat suitable for breeding or feeding. Obligate monogamy: monogamy that does not vary in relation to density of mates or other resources (cf . facultative monogamy).
Breeding event: usually a brood of offspring. Depending on the organism studied, there can be few or many breeding events (or brood cycles) within a breeding season, over a lifetime, etc.
Degree of breeding synchrony: proportion of males or females that are fertile at the same time.
Pair-bonding behaviour: behavioural association between a male and female, often indicating that they are breeding together, based on, for example, joint care of young, joint defence of a breeding or feeding territory, mutual grooming, courtship or greetings. Social mate: a partner that shows pair-bonding behaviour, regardless of whether joint reproduction occurs. Extra-pair copulations: for socially monogamous animals, the term refers to copulations that occur outside the social pair. Extra-pair paternity: number or proportion of young in a brood fathered by other male(s) than the social mate. Intra-pair (or within pair) paternity: number or proportion of young in a brood that is fathered by the social mate.
Genetic incompatibility: inviability of offspring caused by negative interactions between maternally and paternally inherited genetic elements. Genetic compatibility: increased fitness of offspring generated through positive interactions between maternally and paternally inherited genes or genetic elements. Adult sex ratio: the number of sexually mature males to females in a population, expressed as a ratio (m/f), or as a proportion (m/m + f).
example, the possibility of 'trading-up' when encountering a higher quality mate, and producing offspring that are more viable, sexually attractive or genetically more variable (reviewed in Jennions & Petrie, 2000; Slatyer et al., 2012; Culina, Radersma & Sheldon, 2015) . Multiple mates also reduce the risk of complete reproductive failure caused by exclusive mating with an infertile mate or a mate of poor genetic quality (Hasson & Stone, 2009 ). Furthermore, experimental work on the sea urchin Heliocidaris erythrogramma armigera supports that polyandry can have positive effects on offspring viability through bet-hedging (Garcia-Gonzalez, Yasui & Evans, 2015) , at least in terms of higher fertilisation rates when the gametes from the different males were mixed (Henshaw & Holman, 2015) . Finally, if genetic compatibility between mates is judged better after mating than before, mating with multiple mates is expected to evolve, as long as reproduction can be biased in favour of more compatible mates, thereby increasing the chance of genetically compatible offspring (Tregenza & Wedell, 2000 ; Section II.4).
(2) Enforced versus voluntary monogamy
When one sex benefits more from a faithful mate than the other sex benefits from being faithful, this results in sexual conflict (Section III.8). Male-enforced monandry is typical of many taxa, sometimes expressed as intense mate-guarding, repetitive copulations, mating plugs and transfer of compounds (e.g. sex peptides) that inhibit re-mating (Petrie & Kempenaers, 1998; Hosken et al., 2009) . Such male adaptations thus provide important explanations for why females mate only once, even if they would benefit from mating with more than one male. In insects and spiders, mating plugs are often introduced by the male to the female reproductive tract after mating, as a physical impediment to female re-mating. In the buff-tailed bumblebee (Bombus terrestris) the mating plug contains linoleic acid, which is a male-derived compound that suppresses female re-mating behaviour (Baer, Morgan & Schmid-Hempel, 2001 ). Females can also force males into monogyny (Andersson, 1994; Gowaty, 1996; Petrie & Kempenaers, 1998; Hosken et al., 2009) . While male-enforced monogyny is primarily about securing paternity, female-enforced monandry arises mainly to secure resources or avoid sharing them. In the house sparrow (Passer domesticus), males provide care by feeding the nestlings and females can be highly aggressive towards other females mated to the same male, even killing the offspring of their rivals (Veiga, 1990) . Similarly, female burying beetles (Nicrophorus defodiens) can reduce male polygyny. In this biparentally caring insect, male-female pairs bury a carcass for their young to feed on. If the carcass is large, males may climb a perch and emit a pheromone to attract a second female. Since females lose fitness from sharing the carcass with other reproducing females, they do their best to enforce monogyny by biting or pushing the male off his perch. The effectiveness of this behaviour was shown experimentally by tethering females to prevent them from interfering (Eggert & Sakaluk, 1995) . Sexual cannibalism by females can also impose monogyny, as found in praying mantids (Tenodera sinesis and Pseudomantis albofimbriata; Hurd et al., 1994; Barry, Holwell & Herberstein, 2008) . Again, this behaviour is resource-driven, only here it is the male that is the food resource.
If there is high variation in some aspect of mate quality, such as fecundity, parental care behaviour or territoriality, combined with a fitness cost to the individual whose partner mates with someone else, then monopolising one high-quality mate can be expected to yield higher fitness than mating promiscuously (Andersson, 1994) . Mutual monogamy can then result from mutual mate-guarding and is expected to occur when both sexes vary enough in quality (Reavis & Barlow, 1998; Whiteman & Côté, 2004) . Indeed, mutual mate-guarding together with territoriality is the best explanation for monogamy among marine fishes (Whiteman & Côté, 2004) .
When monogamy is the result of mutual mate-guarding, intra-sexual aggressiveness by both sexes is expected, as seen, for example, in a monogamous goby, Paragobiodon xanthosomus (Wong et al., 2008) . By contrast, when monogamy is maintained without being enforced, reproduction with one partner (rather than many) can be assumed to benefit both sexes. Many colonially breeding birds, for example, show surprisingly high levels of mutual genetic monogamy, despite little mate-guarding behaviour (Robertson et al., 2001; Griffith et al., 2002) , suggesting that both sexes benefit from monogamous reproduction. Exactly what stops males and females from seeking extra-pair copulations is however unclear.
Seahorses and some pipefishes also fit this description, as neither sex appears to do better when switching mate between brood cycles. In a natural population of the Western Australian seahorse (Hippocampus subelongatus), genetic data showed that all males mated with a single female within broods (Jones et al., 1998) , but (combining data from two studies: Kvarnemo et al., 2000 Kvarnemo et al., , 2007 , approximately 25% of the males changed mate between broods. Such polygynous males moved longer distances and tended to have longer intervals between successive broods than monogynous males, indicating that monogynous males were able to re-mate sooner than polygynous males, after giving birth to a brood. On average, monogynous males had a 29% shorter interbirth interval than polygynous males. Such effects of monogyny are likely to have a substantial impact on lifetime reproductive success, by increasing the number of broods per breeding season for monogynous males. A similar result was found in the monogamous pipefish Corythoichthys haematopterus after experimental removal of females (Sogabe, Matsumoto & Yanagisawa, 2007) . Furthermore, a study of White's seahorse (Hippocampus whitei) suggests that not only males, but also females benefit from long-term monogamy, as the capacity of a pair to produce offspring increases with time since pair formation (Vincent, 1994) . Interestingly, ovary design in the monogamous genera Hippocampus and Corythoichthys differs from that of the polygamous genus Syngnathus. The former genera only mature eggs in batches, while the latter genus produces mature eggs continuously (Sogabe et al., 2008; Sogabe & Ahnesjö, 2011) . However, it is unknown whether this difference is a cause or a consequence of their respective mating pattern.
Monogamy is uncommon in reptiles (Bull, 2000) , but the sleepy lizard (Tiliqua rugosa) provides a well-studied example. As reviewed by Bull et al. (2017) , this species shows strong pair-bonding before mating and genetic data show that the social mate sires 86% of the young. There is no male care, and no or little female care after parturition (Bull, 2000) . A majority of pairs re-unite to breed over multiple years (≥66% of known pair-bonds lasted 5 years or more, some 10-15 years or longer) (Leu et al., 2015) . The pair-bond is shown for 8 weeks before mating, but dissolves after mating. Yet, there is evidence against pair-bonds being an expression of male mate-guarding, and it has been speculated that they are instead female driven (Bull et al., 2017) . 'Familiar pairs' (i.e. pairs formed at least 1 year previously) were able to mate almost 2 weeks earlier than individuals that formed new pair-bonds, while previous breeding experience with other partners or body condition had no effect (Leu et al., 2015) . The proximate reason for early mating is unknown, but the authors suggest that better coordination of reproductive cycles, foraging efficiency or predator detection between familiar mates might play a part. Thus, both sexes appear to benefit from the pair-bond, as early mating usually translates into higher reproductive success.
Benefits of pair-bonding arising from a rapid start to breeding have also been found in zebra finches, Taeniopygia guttata (Adkins-Regan & Tomaszycki, 2007) . Similarly, many long-lived birds show a positive correlation between pair duration and breeding success. This may result from increased experience, longevity and nest-site familiarity correlating with pair duration, or from the pair duration itself, if individuals gradually fine-tune their joint behaviour over successive breeding events (e.g. Ens, Choudhury & Black, 1996; Black, 2001; Naves, Cam & Monnat, 2007; Sánchez-Macouzet, Rodrıíguez & Drummond, 2014) . However, the relative importance of these factors varies among studies and taxa. For example, comparative data on Ciconiiformes (storks, herons, and relatives) show that site fidelity originated before long-term pair-bonds (Cézilly, Dubois & Pagel, 2000) , suggesting that long-term monogamy is a by-product of site fidelity in these birds. By contrast, another comparative study shows that in Procellariiformes (albatrosses, petrels, and relatives) mate fidelity correlates positively with longevity, but not with site fidelity (Bried, Pontier & Jouventin, 2003) .
Only a few studies have used experimental approaches to tease apart the causes and consequences of pair duration. One such study, using mate removal of oystercatchers, Haematopus ostralegus, showed that regardless of age and breeding experience of the focal birds, breeding success improved with duration of the new pair-bond (van de Pol et al., 2006) . Similarly, in the blue-footed booby, Sula nebouxii, pair duration but not age appear to affect breeding success among individuals with 4 years of breeding experience (Sánchez-Macouzet et al., 2014) . However, the lack of experimental manipulation in their study makes it hard to draw firm conclusions regarding cause and consequence. The result could arise if pairs with high joint breeding success are more likely to stay together (thus breeding success would be the cause not the consequence of pair duration), similarly to what was shown for great tits, Parus major, when their breeding success was experimentally manipulated (Lindén, 1991) . There remains a pressing need for more experimental studies before we can gain a more solid understanding of the role of pair-bond duration in birds, and many other taxa.
Meanwhile, non-experimental studies of divorce (i.e. when both partners are alive, and at least one of them forms a new pair-bond) can be informative. Culina et al. (2015) performed a meta-analysis on 64 monogamous species of birds, for which there were data on breeding success before pairs divorced, after a divorce, and/or on the change in breeding success following a divorce. The study found that poor breeding success increases the likelihood of divorce. It also showed that divorced individuals did worse after the divorce than faithful ones, but not worse than birds that had been widowed and found a new partner, suggesting there is a cost to starting over with a new partner (and territory). Looking at the change in breeding success, females improved their breeding success markedly by divorce (earlier egg-laying date and better hatching success), whereas males did not. This implies that male rather than female identity is the main source of variation in success. However, neither age nor species-specific variables, such as clutch size, longevity, coloniality, developmental mode (altricial or precocial: approximating the need for parental care), fidelity, extra-pair paternity rate and divorce rate, had any significant influence on the results (Culina et al., 2015) .
II. CAUSES OF MONOGAMY
Mating patterns are likely to evolve as a result of many different selection pressures and the relative importance of these most likely varies among animal taxa. However, some factors have been perceived as particularly important for explaining the evolution of monogamy. Below I review the empirical literature concerning these factors, to assess whether there is a consistent influence across taxa, with an emphasis on birds, fishes and mammals (Table 2) , but with occasional examples from reptiles, insects, and other taxa.
(1) Spatial constraints
Males often distribute themselves according to female proximity, whereas females distribute themselves according to resources. When females are dispersed in space (and breed in synchrony), it can be difficult for a male to defend more than one female, promoting monogyny, whereas spatially clumped females potentially allow polygyny (Emlen & Oring, 1977; Shuster & Wade, 2003) . Emlen & Oring (1977) called this the 'environmental potential for polygamy'. Support for this was found in a now classic Table 2 . Which factors explain monogamy in selected vertebrates? An overview of the evidence for and against four of the factors reviewed herein. Conclusions based on single studies (Yes, No or Mixed) are given in parentheses; conclusions based on larger reviews are without parentheses. The studies used here are genetically based in birds, mainly behaviourally based (social) in mammals and a mix of genetic and behavioural observations in marine fishes. The reviews of freshwater fishes were carried out before genetic determination of mating pattern was available, and hence are based solely on behavioural observations Freshwater fishes ---Yes Barlow (1984 Barlow ( , 1986 study on dunnocks (Prunella modularis), in which the mating pattern was influenced by altered female space use that was experimentally manipulated by means of food distribution (Davies & Lundberg, 1984) . Habitat limitation and mate availability are two aspects of spatial constraints. As described below, there is evidence that both habitat limitation and mate availability due to female space use are important factors explaining monogamy, whereas the effect of mate density is less convincing.
(a) Habitat limitation
Habitat that is suitable for feeding and breeding is often patchy and in limited supply. For specialists, like many coral reef fishes, resource limitation has been suggested to generate mutual monogamy (Barlow, 1984; Whiteman & Côté, 2004) . In fact, among marine fishes, obligate monogamy coincides more often with joint feeding territories (or feeding and breeding territories) defended by male-female pairs than with males and females having separate territories or undefended home ranges (Whiteman & Côté, 2004 ; Table 2 ). Similarly a comparative study on mammals shows that reliance on high-quality but scarce food sources appears to be the driving force behind females forming small but non-overlapping home ranges (Lukas & Clutton-Brock, 2013 ; Table 2 ). The latter has been shown to be important in the evolution of monogamy (Section II.1b).
Variation in territory quality can also affect mating patterns. If territories differ enough in quality it can be better for a female to breed as a second mate on a good territory than as a first mate on a poor one. This is known as the polygyny threshold model (Verner, 1964) . Its converse, the 'reversed polygyny threshold model', suggests that monogamy may arise from low variation in habitat quality preventing resource-driven polygyny (Barlow, 1984) . Although these models do not explain monogamy in all contexts, and are mainly limited to short-term rather than long-term monogamy, many bird studies show support (Andersson, 1994; Griffith et al., 2002;  Table 2 ), as does, for example, a correlational study of humans in Uganda (Pollet & Nettle, 2009) , and a comparative review on schistosomes (Beltran & Boissier, 2008) . More importantly, however, an experimental study on red-winged blackbirds (Agelaius phoeniceus), in which high-quality nesting sites were added to some male territories, found strong support for a role of habitat limitation on monogamy (Pribil & Searcy, 2003) .
(b) Mate availability
Monogamy has also been suggested to arise if low mate availability (e.g. due to habitat limitation, low population density, low mobility, territoriality, or non-overlapping home ranges) makes it better to stay with a partner than to leave and search for a new one (Barlow, 1984; Whiteman & Côté, 2004; Kokko & Rankin, 2006) . Extreme adaptations, presumably to that effect, are found for example in anglerfish (e.g. Ceratias holbolli), in which males that are much smaller than females ('dwarf males') attach to a female and form a lifelong monogynous pair-bond with her, while the female shows monandry or polyandry, hosting one or multiple males (Vollrath, 1998) .
Phylogenetic studies on mammals show that female space use has a strong influence on which mating pattern they show (Table 2) , with individual females living in small and non-overlapping home ranges being the best predictor of monogamy Lukas & Clutton-Brock, 2013 ; but see Opie et al., 2013) . Thus, presumably, when females have small and distinct home ranges, male mate-guarding of multiple females becomes impractical, resulting in both social and reproductive monogamy. It should be noted though that these phylogenetic studies are primarily based on social Interestingly, from the same data set that showed that small and distinct female home ranges matter, found that low mate availability, measured as female dispersal over large ranges, does not correlate with social monogamy in mammals.
Many species show obligate monogamy in relation to mate availability. For example a lizard (Egernia stokesii; Gardner et al., 2002) , and two species of owls [Asio otus (Marks et al., 1999) ; Athene cunicularia (Rodriguez-Martínez et al., 2014) ] show genetic monogamy regardless of mate density. The same is true for two species of seahorse (pot-bellied seahorse Hippocampus abdominalis and long-snouted seahorse Hippocampus guttulatus). In these species, within-brood monogamy has been genetically documented at densities ranging from low to high, or even extremely high, in both natural and artificial settings (Wilson & Martin-Smith, 2007; Woodall et al., 2011) , despite the fact that promiscuous courtship behaviour has been shown to be common in both species (Wilson & Martin-Smith, 2007; Naud et al., 2009) . These results show that the explanation that seahorses are monogamous because they lack opportunity to mate with multiple partners is very unlikely to be true. Furthermore, another species from the same family (Syngnathidae), the broad-nosed pipefish, Syngnathus typhle, is highly polygynandrous, with males typically carrying eggs from multiple females and females mating with several males (Jones & Avise, 2001; Mobley, Abou Chakra & Jones, 2014) . As in seahorses, this pipefish is a poor swimmer and occurs at similar densities as the pot-bellied and long-snouted seahorses (Foster & Vincent, 2004) . Hence, mate availability is not an adequate explanation of the observed mating patterns in Syngnathidae. This interesting family of fish is considered further in Sections II.2 and II.3. Because many marine fishes show facultative monogamy in relation to mate availability (Whiteman & Côté, 2004; Thompson et al., 2007) , the overall support for mate availability affecting monogamy in marine fishes (including syngnathids) is best described as mixed (Table 2) .
A large number of parentage studies in birds allow for detailed testing of specific hypotheses. Again, the support for mate availability affecting monogamy is mixed (Table 2) . In this order, there is some evidence that extra-pair paternity correlates positively with breeding density within species or populations (reviewed in Griffith et al., 2002) . However, extra-pair paternity does not correlate with breeding density when tested among species (Westneat & Sherman, 1997; Wink & Dyrcz, 1999) . A comparative study based on 36 species of raptors found that both extra-and within-pair copulations increased with breeding density, while extra-pair fertilisations did not, suggesting that an increased risk of sperm competition at high breeding density is efficiently guarded against (Mougeot, 2004) .
Thus, taken together, most studies to date show relatively little effect of mate density on monogamy (Table 2 ). Yet, most of these studies rely on correlational data, highlighting a need for more experimental work (Griffith et al., 2002; Whiteman & Côté, 2004) .
Mate availability can also be influenced by the adult sex ratio (Emlen & Oring, 1977) . If monogyny or monandry evolve as a result of limited mate availability, then mutual monogamy would be expected to evolve when the adult sex ratio is unbiased (Lack, 1968) , whereas monandry/polygyny would be expected to evolve when the adult sex ratio is female-biased, and monogyny/polyandry when male-biased. Consistent with these predictions, a phylogenetic study in shore birds shows that female-biased adult sex ratios are associated with polygyny and male-biased adult sex ratios are associated with polyandry (Liker, Freckleton & Székely, 2013) . Furthermore, an unbiased adult sex ratio correlates with reproductive monogamy among species of bark beetles (Reid, 1999) , a female-biased adult sex ratio increases divorce rates in kiwis (Taborsky & Taborsky, 1999 ) and a male-biased adult sex ratio explains the evolution of monogyny in spiders (Fromhage, McNamara & Houston, 2008) . Male spiders have two pedipalps to transfer sperm at mating. Each pedipalp typically can only be used once, restricting males to mating with two females (bigyny), or to use both pedipalps in a single mating with one female (monogyny). The latter likely improves paternity, because more sperm is transferred when two pedipalps are used, and because the pedipalps break off and form mating plugs, thereby blocking both genital openings of the female. Fromhage et al. (2008) modelled this scenario and showed that while bigyny and monogyny can coexist, monogyny only evolves when the adult sex ratio is male biased. More experimental and comparative studies are needed before the causes and consequences of these broad patterns can be assessed. However, one phylogenetic study provides a good example. Owens & Bennett (1997) compared 'evolutionary predisposition' versus 'ecological facilitation' of mate desertion in birds at different phylogenetic levels. They found that at order and family level mate desertion is most sensitive to costs (risk of clutch failure), whereas at genus and species level it is mainly affected by benefits, and as such is sensitive to mate availability (Owens & Bennett, 1997) .
Another related suggestion is that monogamy evolved as a consequence of mate-guarding. For this to pay off, the guarding sex must benefit more from guarding a single mate than from searching for additional mates. Such mate-guarding is most often shown by the male. In the most extreme scenario, the male devotes all his time to mate-guarding and paternity protection around one female, which restricts the male to monogyny, and if the guarding is efficient enough, will result in monandry as well (hence, mutual monogamy). Modelling shows that the evolution of mate-guarding is sensitive to limited mate availability (e.g. biased adult sex ratio or long search time to find a mate) (Fromhage, Elgar & Schneider, 2005; Fromhage et al., 2008; Harts & Kokko, 2013; Schacht & Bell, 2016) , that a male-biased adult sex ratio may result in monogyny (Fromhage et al., 2005) , but also that mate-guarding will not evolve towards monogyny unless the guarding is efficient enough and there is last-male sperm precedence (Harts & Kokko, 2013) .
(2) Time constraints
Time constraints can also have an important influence on mating patterns. Breeding synchrony is expected to reduce the possibility of multiple mates and thus promote monandry/monogyny, while high temporal dispersal of breeding by the opposite sex is expected to promote polyandry/polygyny (Emlen & Oring, 1977; Knowlton, 1979; Shuster & Wade, 2003) . However, there is surprisingly little support for this hypothesis (Table 2 ). In an experimental study on prairie voles, Microtus ochrogaster, monogamy did not correlate with breeding synchrony (Wolff et al., 2008) , and in a field study of a reproductively monogamous seahorse, H. whitei, breeding was shown to be significantly more asynchronous than expected by chance, suggesting that asynchrony rather than synchrony promotes monogamy, possibly by reducing the number of alternative mates ready to mate at one time . In birds, the correlation between breeding synchrony and extra-pair paternity has been studied extensively, but with mixed results (Griffith et al., 2002) . The lack of consistent effects might be explained by a lack of experimental studies, but also by two opposing, but non-exclusive, hypotheses: a positive correlation is expected between extra-pair paternity and breeding synchrony if synchronously breeding females are able to gain more reliable cues about extra-pair partners as a result of many males displaying simultaneously (Stutchbury & Morton, 1995) , while a negative correlation is expected if males have to trade off mate-guarding against seeking extra-pair copulations (Birkhead & Biggins, 1987) . These hypotheses are clearly testable if male display, male mate-guarding behaviour and extra-pair paternity are measured in experiments with manipulated breeding synchrony.
In butterflies, adults are often short-lived and their reproduction is time constrained. Given time-consuming copulations, it is therefore not surprising that monandry is more common than polyandry (Wiklund & Forsberg, 1991) . However, time constraints can vary with climate, generating different selection pressures on mating pattern. In the green-veined white butterfly (Pieris napi), female monandry or polyandry is a genetically determined behaviour (Wedell, Wiklund & Cook, 2002) . Monandrous females can lay their eggs in less than a week; by contrast, polyandrous females lay fewer eggs per day, but can reach a 50% higher lifetime reproductive success since they keep laying eggs over a longer time (Välimäki, Kaitala & Kokko, 2006) . However, because butterflies need good weather for egg laying, polyandrous females can only realise their reproductive potential if the weather is benign. Polyandrous females therefore suffer more from unpredictable weather than monandrous females. Concordantly, monandry is more common in the northern parts of their distribution, which have shorter and more variable summers than the southern parts .
(3) Parental care
When offspring need parental care, in particular biparental care, this has often been assumed to select for monogamy (e.g. Emlen & Oring, 1977; Clutton-Brock, 1991) . However, as the following examples show, absence or presence of parental care is not a reliable predictor of mating pattern.
In freshwater fishes, reproductive monogamy coincides with biparental care (Barlow, 1984 (Barlow, , 1986  Table 2 ), but this is not the case for marine fishes (Whiteman & Côté, 2004;  Table 2 ). In fact, no care and male care are the most common forms of care among fish in general (Reynolds, Goodwin & Freckleton, 2002) , and the same is true among monogamous marine fishes (no care is found in seven families, and male care in 10 families of monogamous marine fishes), while there are very few examples of monogamous marine fishes showing biparental care or female care (one and two families, respectively) (Whiteman & Côté, 2004) . Why there is a difference between freshwater and marine fishes in how monogamy relates to biparental care warrants further investigation.
Within the marine family Syngnathidae (pipefishes and seahorses) mating patterns vary widely, from polyandry and polygynandry to monogamy (Jones & Avise, 2001 ), making them particularly interesting when it comes to questions related to mating pattern evolution. Furthermore, all species in the family show male care by brooding the eggs on their body, but depending on the genus, the eggs are either attached to the skin of the male or carried inside a brood pouch, placed on the male's tail or upper body (Wilson et al., 2003) . Given that seahorses, which have the most elaborate kind of brood pouch, show mutual monogamy, it has been hypothesised that this mating pattern is caused by substantial male investment in brood care. However, this was refuted in a phylogenetic study, primarily because other genera also show monogamy, despite having much simpler forms of brood pouch (Wilson et al., 2003) (Fig. 1) . Thus, more extensive care does not correlate with monogamy among pipefishes and seahorses.
In mammals, biparental care often coincides with monogamy, but not more often than it coincides with polygamy . Similarly, when tested phylogenetically across large data sets of mammals, biparental care is clearly shown to be a consequence of social monogamy, not the cause of it Lukas & Clutton-Brock, 2013; Opie et al., 2013;  Table 2 ; Fig. 2 ) (see also Section III.2).
Most monogamous birds show biparental care, but given that more than 80% of all birds show biparental care (Cockburn, 2006) , this correlation is not very informative. This does not mean that care and mating patterns in birds are unrelated (Table 2) . When biparental care is crucial for offspring survival, this selects strongly for both parents to stay to raise the young. If adults have to choose between staying to care for the young and deserting to seek additional matings Fig. 1 . Monogamy does not correlate with more elaborate care in seahorses and pipefishes. Brood pouch development score (A) and mating pattern (monogamy or polygamy) (B) mapped onto a phylogeny of the family Syngnathidae (pipefishes and seahorses). Species names in bold indicate that they brood the eggs on the upper body. Brood pouch development for these species: 1 = unprotected brooding; 2 = individual egg compartments; 3 = brood pouch with pouch plates. Species names in plain font indicate that they brood the eggs on their tail. Brood pouch development for these species: 1 = individual egg compartments; 2 = everted pouch folds; 3 = semi-inverted pouch folds; 4 = inverted pouch folds; 5 = completely enclosed brood pouch. Species in grey were used as the outgroup: 0 = no brooding on body. (Redrawn from Figs 2 and 3 in Wilson et al., 2003) . Fig. 2 . In primates, the evolution of social monogamy precedes the evolution of male care. Since female care is ubiquitous in mammals, 'no male care' = female care, and 'male care' = biparental care. The thickness of the arrows illustrates the proportion of evolutionary transitions that were not assigned to zero (thick arrows = few zeros). 'Root' shows the most likely ancestral state and the dashed line indicates its distribution, inferred from phylogenetically based ancestral-state reconstructions. Figure redrawn and simplified from Fig. 1A in Opie et al. (2013) .
(i.e. no extra-pair reproduction), this should indirectly generate mutual monogamy, as discussed previously for both birds and fish (Wittenberger & Tilson, 1980; Barlow, 1984) . Even so, it only selects for mutual monogamy within each breeding attempt, as found in some long-lived birds, like greater flamingos (Phoenicopterus ruber), frigatebirds (Fregata spp.) and cormorants (Nannopterum harrisi) (references in Bried et al., 2003) , but not necessarily for long-term monogamy. In other long-lived birds, however, mate retention is high (Bried et al., 2003) . This will be discussed further in Section II.4.
Male care contributions can also select for reproductive monandry in cases where biparental care is not crucial and extra-pair reproduction occurs, if there are costs to female cuckoldry (e.g. a male provides less care, to some detriment of female fitness, if a female cheats on him). A higher cost of cuckoldry for the female is expected when the male contribution to care is essential than when it is not (Mulder et al., 1994; Birkhead & Møller, 1996) . An analysis across 31 species of birds, for which male contribution to care was estimated as the proportional decline in reproductive success when the male was experimentally removed, shows that between species the rate of extra-pair paternity drops strongly with increased male contribution to care (Griffith et al., 2002; Møller, 2000) . This and other interspecific studies reviewed in Griffith et al. (2002) show that genetic monogamy indeed correlates with biparental care in birds ( Table 2 ). The rate of extra-pair paternity also increased in shorter-lived species, arguably because males that have few future breeding events should not abandon the young even when their paternity is low, reducing the cost of female cuckoldry (Griffith et al., 2002) . Within species, experimentally increased or naturally occurring extra-pair paternity rarely results in reduced male care (Kempenaers & Sheldon, 1996; Griffin & Alonzo, 2013) unless care costs are high and there is a high risk of cuckoldry. negative correlation between care and extra-pair paternity found among species. These include: males that contribute little to care have more time to sequester new mating opportunities (Kokko & Jennions, 2008; Fromhage & Jennions, 2016) ; intense mate-guarding selects for more substantial male care contributions, since mate-guarding restricts the chances of additional mating opportunities (van Rhijn, 1991; Kokko & Jennions, 2008; Fromhage & Jennions, 2016) ; and if females benefit from mating with high-quality carers, not just due to direct but also indirect benefits (cf . Wedell & Karlsson, 2003; Miller & Moore, 2007) , they would be expected to seek fewer extra-pair copulations when mated to such males.
There are broad differences in the pattern of parental care between marine and freshwater fishes, mammals and birds (Baylis, 1981; Clutton-Brock, 1991; Reynolds et al., 2002) : Parental care is more common in freshwater than marine fishes (60 and 16% of all families show parental care, respectively; Baylis, 1981) . In both groups, when care occurs, male care is clearly most common. In mammals all taxa show female care, with additional male care (i.e. biparental care) found in approximately 10% of all taxa. In birds care is always provided, with biparental care being the norm. Naturally, these differences in parental care patterns may explain why parental care and monogamy are correlated in some taxa but not in others. In particular, it would be interesting to see phylogenetic studies in the future that cross the boundaries of these vertebrate phyla and look for broadscale causal patterns.
(4) Genetic compatibility and mate choice
In many animals, certain combinations of parents produce offspring with higher fitness than others, possibly due to differences in compatibility between the maternal and paternal genomes (Tregenza & Wedell, 2000; Evans & Marshall, 2005; Puurtinen, Ketola & Kotiaho, 2009 ). Although these effects should select for choosiness to evolve that would allow individuals to avoid mating with poor matches, such mate choice is only found rarely (Jennions & Petrie, 2000; Tregenza & Wedell, 2000; Puurtinen, Ketola & Kotiaho, 2005 ). An astonishing example that illustrates this comes from the colour polymorphic and socially monogamous Gouldian finch, Erythrura gouldiae. Head colour in both sexes gives strong indications about genetic compatibility, but females are equally likely to solicit and engage in extra-pair copulations regardless of their own head colour and that of their social and extra-pair males (Pryke, Rollins & Griffith, 2010) . Importantly, however, fertilisation success of such extra-pair copulations was significantly higher for compatible extra-pair males when the within-pair male was incompatible, compared to the reversed scenario, or if extra-and within-pair males were equally compatible . Thus, compatibility appears to be determined only after copulation, despite the give-away head colour. In fact, most studies suggest that genetic compatibility is determined after mating (e.g. through gamete-recognition proteins, sperm selection or differential embryo mortality, but the exact mechanisms are still largely unknown; Kosman & Levitan, 2014 ). An important explanation (as pointed out in Puurtinen et al., 2005 Puurtinen et al., , 2009 ) is that due to random segregation and crossing over during meiosis, the best match is expected to differ among gametes of the same adult.
Inbreeding depression is another case of poor genetic compatibility. A meta-analysis of 33 species of birds found some support for extra-pair paternity being higher in closely related social pairs (Arct, Drobniak & Cichoń, 2015) . However, the result was weak and not consistent across methods to determine relatedness, thus, it should be interpreted with caution (e.g. Reid, 2015; Griffith, 2015) . Nevertheless, even if true, it is hard to determine whether this means that within-pair relatedness, and thus compatibility, can be determined before extra-pair copulations are sought, or that many birds seek extra-pair copulations, but only those that improve compatibility result in successful fertilisations and surviving offspring (Griffith, 2015) .
Most important in the context of this review is that whenever compatibility is determined after mating, it requires mating to multiple mates (Simmons, 2005; Griffith & Immler, 2009 ). Consistent with this, polyandry has been shown to evolve in response to genetic incompatibility, both empirically (using selection lines of fruit flies, Drosophila pseudoobscura and Drosophila simulans, and red flour beetles, Tribolium castaneum; Price et al., 2008; Champion de Crespigny, Hurst & Wedell, 2008; Michalczyk et al., 2011) and theoretically (Colegrave, Kotiaho & Tomkins, 2002 ). In the model by Colegrave et al. (2002) females could determine male genetic quality (sensu 'good genes') before mating, which resulted in choosy females mating monandrously with high-quality males. Males also differed in genetic compatibility, which females in this model could only assess after mating. When post-copulatory control of fertilisation success was possible in relation to genetic compatibility, polyandry evolved more readily. However, monandry was favoured when the fitness benefit was high in terms of genetic quality of offspring gained from choosiness before mating, and when the fitness reduction suffered by offspring from poorly compatible matings was low (Colegrave et al., 2002) . Furthermore, inaccurate post-copulatory control of paternity in relation to genetic compatibility and increased fecundity costs of multiple mating also selected for monandry (Colegrave et al., 2002) . Since fecundity costs of multiple mating are well documented and common (Jennions, 1997) , this provides a potentially important explanation as to why monandry prevails, despite the many benefits associated with multiple mating.
Nevertheless, some important aspects of genetic compatibility, especially those of complementary major histocompatibility complex (MHC) genes, can be determined before mating using olfaction, as shown for example in fish, mammals and lizards (Penn & Potts, 1999; Penn, 2002; Olsson et al., 2003) . Because passerine birds have very small olfactory bulbs in the brain compared to the size of their cerebrum (ratio 8.8; Zelenitsky et al., 2011) , indicating poor olfactory capability, it has been suggested that the generally high levels of extra-pair paternity in passerines are due to their inability to evaluate their mate's genetic profile Biological Reviews 93 (2018) 1795-1812 © 2018 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society. against their own before mating (Griffith & Immler, 2009 ). The situation is reversed for procellariform birds (Zelano & Edwards, 2002) , because of their unusually large olfactory bulb ratio (29.5; Zelenitsky et al., 2011) and long-term genetic monogamy is common in this group (Bried et al., 2003) . Consistent with this, MHC-based mate choice has indeed been found in blue petrels, Halobaena caerulea (Strandh et al., 2012) . Olfactory bulb size varies greatly among larger avian taxa (Zelenitsky et al., 2011) . If the causal effect on mating pattern is true, then a testable hypothesis is that taxa that have large olfactory bulbs should be better equipped for an accurate mate choice before mating, and hence be more likely to show long-term genetic monogamy than taxa with small bulb size.
As a more general prediction, not limited to genetic compatibility, one may expect organisms that are able to identify a good mate reliably (in terms of genetic or phenotypic quality, behavioural or genetic compatibility, fertility, etc.) before mating would be more likely to evolve long-term monogyny, monandry or mutual monogamy, compared to species that lack such an ability.
The importance of mate choice is also highlighted in a model investigating potential evolutionary transitions from promiscuity to monogamy in hominids. The model shows that if males vary in competitive strength (affecting rank), then low-ranked males can benefit from provisioning one female, if this gives the male a mating and increases female fecundity, instead of competing for several females. The key aspect that prevents invasion of genotypes that steal fertilisations in provisioned (and therefore enlarged) female broods is if provisioning co-evolves with a female mate choice for providers and faithfulness towards them (Gavrilets, 2012) .
III. CONSEQUENCES OF MONOGAMY
Section II focused on factors that might influence the evolution of monogamy, I now turn to the consequences of monogamy on the evolution of other traits.
(1) Parentage
If one or both sexes mate monogamously, then an obvious prediction is that the levels of multiple paternity and/or maternity should be low. A recent phylogenetic study of social monogamy in mammals supports this prediction. The study found that species with social monogamy have lower levels of multiple paternity (percentage litters in a population sired by more than one male) and also lower investment in traits related to sperm competition (e.g. testes size), compared to species not showing social monogamy (H. West, A. Bakewell & I. Capellini, unpublished data). Still, multiple paternity in socially monogamous species was around 25% (median), indicating a non-trivial gap between social and reproductive monogamy. This value can, for example, be compared to 19% of broods being sired outside the pair in socially monogamous birds (Griffith et al., 2002) . Nevertheless, increased parentage is likely to be an important benefit of reproductive monogamy and might explain why mate-guarding behaviours are common (see also Sections II.1b, II.2 and II.3).
(2) Parental care
Even though parental care does not provide a strong or consistent explanation for the evolution of monogamy as discussed in Section II.3, monogamy may be expected to affect the evolution of parental care, primarily for two reasons. (i) Emlen & Oring (1977) argued that when both sexes are constrained to mate monogamously for other reasons (e.g. due to low environmental potential for polygamy), then the best option to improve fitness is to provide biparental care. (ii) With true reproductive monogamy, by definition, paternity assurance is high, and this in turn is expected to facilitate the evolution of male care, since high paternity increases the benefit of providing care (Trivers, 1972; Queller, 1997; Kokko & Jennions, 2008; Fromhage & Jennions, 2016) .
As discussed in Section II.3, phylogenetic studies of mammals show that male care is a consequence of social monogamy, but not the cause of it Lukas & Clutton-Brock, 2013; Opie et al., 2013) . Although social monogamy might often coincide with genetic monogamy in mammals (Section III.1; also Clutton-Brock & Isvaran, 2006; Soulsbury, 2010; Lukas & Clutton-Brock, 2013) , whether the pattern above holds for genetic monogamy still needs to be confirmed empirically. Meanwhile, a study by Huck et al. (2014) that focused on 15 socially monogamous species of mammals, for which genetically determined paternity is available, is particularly important. They found less extra-pair paternity in species with intense male care, compared to species with no or intermediate levels of care (Huck et al., 2014) . They interpreted their result in the light of Lukas & Clutton-Brock (2013) and Opie et al. (2013) and suggested that once social monogamy evolved in mammals, male care (and even closer pair-bonds) might have followed because this can influence male fitness positively, not only via offspring survival but also via higher paternity, e.g. because it allows more efficient mate-guarding (see also Kvarnemo, 2006; Clutton-Brock & Isvaran, 2006; Gavrilets, 2012; Schacht & Bell, 2016; Harts, Booksmythe & Jennions, 2016) , hence resulting in a higher degree of genetic monogamy (Huck et al., 2014 ). De Waal & Gavrilets (2013 ) phrased the same scenario as 'paternal care is more likely a consequence of monogamy-an evolutionary afterthought with benefits-than the key to its existence'. If true, then male care in mammals might be a consequence of social monogamy, and a cause of genetic monogamy.
(3) Eusociality, altruism and cooperation
Mating pattern affects both relatedness and genetic diversity within broods of young. While increased genetic diversity among half-sibs, compared to full-sibs, increases offspring survival in some cases (McLeod & Marshall, 2009; Sagebakken et al., 2011; Aguirre & Marshall, 2012; Slatyer et al., 2012) , high relatedness and thus low genetic diversity among offspring stemming from mating with only one partner can be an advantage in other cases. Mutual monogamy or monandry have been argued to facilitate the evolution of eusociality, altruism and cooperation due to kin selection (Hamilton, 1964; Peck & Feldman, 1988) . In particular under lifelong monogamy (or monandry), a high relatedness among offspring is maintained over time. If an individual is equally related to its full-sibs as it is to its own offspring, this minimises conflict over whether to help or breed. Although the causality between high relatedness and eusociality has been questioned (e.g. Wilson & Hölldobler, 2005; Nowak, Tarnita & Wilson, 2010; Wilson & Nowak, 2014) , there is convincing evidence that high relatedness through monandry preceded the evolution of eusociality in insects, and not the other way around (e.g. Hughes et al., 2008; Abbot et al., 2011; Boomsma et al., 2011; Boomsma, 2013) , and that low levels of promiscuity facilitated the evolution of colonial breeding in birds (Cornwallis et al., 2010) and mammals (Lukas & Clutton-Brock, 2012) . These ideas have been extended also to explain the evolution of multicellularity [see Fisher, Cornwallis & West (2013) and references therein]. Drawing on similarities with the highly related offspring produced under lifelong monogamy in sexually reproducing species, the even higher relatedness among clonally reproducing unicellular organisms is likely to have allowed for multicellularity to evolve, through differentiation of cell types into somatic and reproductive tissues ('helpers' and 'breeders') . That said, Dillard & Westneat (2016) recently cautioned against viewing high relatedness as the only causal evolutionary link from lifelong reproductive monogamy to cooperation. They offer four alternative explanations, including that ecological factors (e.g. predation, limited nest sites or other resources) often affect both (i) benefits of delayed dispersal and cooperation, and (ii) pair-living and reproductive monogamy, which then only indirectly affect relatedness (Dillard & Westneat, 2016) .
(4) Infanticide
In mammals, low levels of infanticide correlate with social monogamy (pair-living), however, the reasons are still unclear and there has been controversy regarding whether infanticide is cause or consequence of monogamy in mammals (e.g. de Waal & Gavrilets, 2013; Lukas & Clutton-Brock, 2014; Opie et al., 2014) . While one large phylogenetic study shows that high levels of infanticide preceded social monogamy in primates and that levels of infanticide only dropped after social monogamy arose (Opie et al., 2013) , another even larger phylogenetic study, covering not only primates but mammals in general, concludes that social monogamy did not evolve from high levels of infanticide (Lukas & Clutton-Brock, 2013) . The different conclusions probably stem from the two groups of researchers using different data sets, different approaches to analyse the phylogenetic data, and different rules whether to include a species or not (what information was required to categorise it safely as not showing infanticide). Needless to say, the difference in conclusions between the studies is disconcerting, but hopefully future work will resolve the issue. Below, I describe briefly the interpretations that arise from these disparate results. Opie et al. (2013) suggest that the reason for lower levels of infanticide in pair-living lineages of primates is that a pair is better able to defend their offspring against infanticide from conspecifics. They also argue that pair-living has shortened lactation time relative to gestation time, and therefore reduced the risk of infanticide, since the incentive for unrelated males to kill dependent young is reduced. This line of reasoning is based on the assumption that the lactation period is reduced because a pair-living male will contribute to parental care. Intriguingly, however, in the same paper they show that male care arises after social monogamy, not before. Although unclear from Opie et al. (2013) , one interpretation of the chain of events is that it could have evolved from 'no pair/no care/high infanticide' via 'pair/no care/high infanticide' and 'pair/care/high infanticide' to 'pair/care/low infanticide'. Analysing the multiple factors together (also including female space use), would be more informative than looking at them one at a time (de Waal & Gavrilets, 2013) .
The results of Lukas & Clutton-Brock (2013) provide a different picture. The authors argue that male infanticide is unlikely to have caused social monogamy (pair-living) in mammals, mainly because monogamy evolved from ancestors with low levels of infanticide, and that their analysis shows that the two traits have evolved independently (Lukas & Clutton-Brock, 2013 . Furthermore, Lukas & Huchard (2014) found that male infanticide has evolved most often in lineages in which reproductive success is heavily biased towards a few males, and less often in taxa where females mate polyandrously, presumably because males can be less certain they are not killing their own young under such a mating pattern. Their result also suggests that monandry allows male infanticide to evolve, while monogyny does not promote it, and neither pair-living nor female gregariousness have any influence (Lukas & Huchard, 2014) .
(5) Effective population size
Effective population size (N e ) measures the number of males and females that actually contribute to the next generation and is an important concept in both evolution and conservation biology (Lande & Barrowclough, 1987) . While some studies conclude that multiple paternity does not affect the effective size of a population (Karl, 2008) , others have found marked effects (Parker & Waite, 1997; Rafajlovic et al., 2013) . Modelling shows that promiscuity (in this case extreme polygynandry; all males mate with all females, and vice versa, and the reproductive success of all individuals is equal) offers the largest effective population size whereas mutual monogamy (each male mates with only one female, and vice versa, and all pairs are equally successful) reduces the effective population size to some extent (Parker & Waite, 1997) . By contrast, when a few individuals can monopolise many mates of the opposite sex, other individuals will be excluded from reproduction, reducing the effective population size substantially. This happens especially when polygyny is combined with monandry or when polyandry is combined with monogyny (Parker & Waite, 1997) .
(6) Mate choice before mating
In cases where reproductive monogamy has already evolved (for other reasons), it is likely to affect the need for mate choice before mating. Thus, species that show reproductive monandry and/or monogyny should invest in more careful mate choice before mating, compared with species that can correct a poor mate choice after mating through polyandry, polygyny or social monogamy with extra-pair copulations. To the best of my knowledge, this prediction has not been tested yet. However, Ihle, Kempenaers & Forstmeier (2015) have worked on related questions, using the zebra finch, known to have a high level of social and genetic monogamy in wild populations and in which coordinated pairs that feed their young in synchrony have higher fitness (Mariette & Griffith, 2015) . Using a cross-breeding design, Ihle et al. (2015) tested if free versus forced mate choice affected hatching success (i.e. embryo viability reflecting genetic compatibility between parents) or offspring survival after hatching (reflecting behavioural compatibility between parents). They found that pairs that were formed based on free mate choice had an astonishing 37% higher reproductive success than forced pairs. However, hatching success was unaffected, which suggests that the increased success was achieved through behavioural compatibility rather than genetic compatibility (Ihle et al., 2015) . Given that zebra finches are reluctant to break up pair-bonds even after reproductive failure and despite access to alternative mates (Ihle, Kempenaers, & Forstmeier 2013) , this highlights the importance of finding well-matched mates at pair-formation in this mutually and long-term monogamous species. The effect of this and other aspects of monogamy on sexual selection are discussed in the next section.
(7) Sexual selection
Short-term or serial monogamy can generate levels of sexual selection that rival those found in many polygamous taxa, as seen for example in a serially monogamous cichlid (genus Tropheus) (Sefc, 2008) . Similarly, sexually monomorphic bird species that have high divorce rates, and thus typically form new pair-bonds before the next breeding event, are more ornamented than species with low divorce rates (Kraaijeveld, 2003) .
In comparison to short-term monogamy, sexual selection under long-term monogamy is generally expected to be low, because most individuals only have one or a few mates (Emlen & Oring, 1977; Andersson, 1994; Bertram & Gorelick, 2009 ). Nevertheless, three important factors can contribute to sexual selection before mating, under both long-and short-term monogamy.
(1) Assortative pair-formation according to a phenotypic trait, such as body size or ornamentation, is common in monogamous animals and often the trait correlates with some aspect of mate quality, for example fecundity, offspring survival, parental capability or territorial defence (Rahman, Dunham & Govind, 2002; Jones et al., 2003; Hooper & Miller, 2008; Schaedelin et al., 2015; Rueger, Gardiner & Jones, 2016) . Such assortative mating can result from mutual mate choice, when high-quality individuals are more likely to be accepted as partners by high-quality mates (Parker, 1983; Johnstone, Reynolds & Deutsch, 1996) .
The benefit of prudent mate choice increases with variation in mate quality (Johnstone, 1997) and can generate high variation in reproductive success between pairs and sexual selection on both sexes (Hooper & Miller, 2008; Jones & Ratterman, 2009 ). Darwin's (1871) thoughts on sexual selection in monogamous species were inspired by observations of secondary sexual traits in males of monogamous birds and it appears that this historical bias has resulted in a common expectation that sexual selection acts on males rather than on females in reproductively monogamous species (e.g. Mock & Fujioka, 1990; Kirkpatrick, Price & Arnold, 1990; Dearborn & Ryan, 2002) . However, from a theoretical perspective, sexual selection should be equally likely to act on either sex (Kraaijeveld, Kraaijeveld-Smit & Komdeur, 2007; Clutton-Brock, 2009) (Fig. 3) . Similar-looking ornaments in males and females (Fig. 4) , which are comparatively common in monogamous animals, indicate that both sexes are under sexual selection, although alternative explanations also exist (Kraaijeveld et al., 2007) .
(2) A biased adult sex ratio can cause intra-sexual selection under monogamy when individuals of the sex in excess remain unmated for relatively long periods of time (Price, 1984; Andersson, 1994; Kokko & Jennions, 2008; Fromhage & Jennions, 2016) . This can generate high levels of sexual selection, comparable to polygamous taxa, as found in a female-biased population of the Western Australian seahorse (Kvarnemo et al., 2007) .
(3) Cooperative breeders often show long-term monogamy. Nevertheless, there is strong selection within the sexes, owing to helpers of either sex breeding little or not at all (Clutton-Brock, 2009; Hauber & Lacey, 2005) . Similar processes can also take place if, for example, a limited number of breeding territories forces one or both sexes to abstain from breeding while waiting for a vacancy (Andersson, 1994) .
Sexual selection after mating is obviously expected to be low in species that mate monogamously. In a phylogenetically based study of insects, Arnqvist (1998) found greater variation in the shape of male genitalia among closely related species in polyandrous compared to monandrous species. These results thus support the idea that there is less post-mating sexual selection in monandrous species (Arnqvist, 1998) .
Even though sexual selection is often more intense in polygamous animals than in monogamous ones, low levels of Fig. 3 . Sexual selection in relation to mating pattern. Sexual selection is generally highest in males under polygyny and monandry and in females under monogyny and polyandry, since successful individuals can then reach a very high mating success both in terms of number and quality of mates, whereas others fail completely. However, sexual selection under mutual monogamy can also be substantial (Andersson, 1994) , and clearly exceed selection on males under monogyny/polyandry and females under polygyny/monandry (e.g. Veiga, 1990) . sexual selection before mating under monogamy cannot be assumed and might even be very rare. Since measurements of sexual selection are collected much more often from animals showing polygamy than monogamy, more data are indeed needed from monogamous taxa before meaningful and well-founded conclusions can be drawn about how much sexual selection to expect under monogamy. Sexual size dimorphism is often used to infer sexual selection. However, in mutually monogamous species this approach can be misleading if both sexes are under sexual selection, as in the crested auklet Aethia cristatella depicted in Fig. 4 . Instead, sexual selection is better measured using, for example, sexual selection differentials (or mating differentials) for traits under selection (i.e. if mating success can be linked to a trait), combined with variance-based measures of mating success, such as the Jones index (maximum intensity of sexual selection) (Jones, 2009; Henshaw, Kahn & Fritzsche, 2016) .
(8) Sexual conflict
Long-term mutual monogamy is expected to result in very low levels of sexual conflict between the reproducing male and female, since their fitness depends on their shared lifetime reproductive success. By contrast, in alternative mating patterns (polyandry/polygyny/polygynandry/sequential monogamy/etc.), one or both sexes reproduce with multiple mates, which decouples the lifetime reproductive success of the male and female from each other, often resulting in high levels of sexual conflict (Wedell et al., 2006; Hosken et al., 2009) . This insight has been used in numerous experimental Males and females of the crested auklet, Aethia cristatella, have similar-looking ornaments. Experimental work has shown that these ornaments are the result of sexual selection on both sexes, generated by intrasexual competition and mutual mate choice (Jones & Hunter, 1993 , 1999 . Photograph used with kind permission of E. J. Peiker. evolution studies, particularly on insects, in which selection lines have been kept under either strict monogamy or (for example) polyandry, often generating massive changes in reproductive traits in both sexes, resulting from differences between the mating regimes in sperm competition and sexual conflict (Holland & Rice, 1999; Arnqvist & Rowe, 2005; Hosken et al., 2009) . It is noteworthy, however, that the strict 'monogamy' typically used in these experiments does not reflect natural monogamy, in that the monogamous pairs are virtually always denied an opportunity for pre-mating mate choice. How much this matters is yet to be tested.
IV. CONCLUSIONS
(1) This review includes several major taxa. By doing so, rather than focusing on only one, it becomes clear that evolution of monogamy (and its many subcategories monandry, monogyny, mutual monogamy, long-term monogamy, short-term monogamy; Table 1 ) is more multifacted than is often appreciated. By enquiring which factors could best explain the occurrence of monogamy, it is clear that each factor explains mating patterns in some taxa, but not in all. The factor with the greatest support across taxa is habitat limitation. Furthermore, comparative studies indicate that high levels of reproductive monogamy correlate with longevity and male contributions to care in birds (Griffith Biological al., 2002) , with territoriality and mutual mate-guarding, but not with parental care, in marine fishes (Whiteman & Côté, 2004) , and with female space use, but again not with parental care, in mammals Lukas & Clutton-Brock, 2013) (Table 2) . Whether long lifespan correlates with monogamy in taxa other than birds has to my knowledge not been investigated.
(2) Mating patterns affect many other processes and traits, and here I considered eight consequences of monogamy, topics that in many cases have been subject to debate (e.g. eusociality and infanticide). New carefully designed studies will hopefully resolve some of these issues.
(3) While sexual conflict is likely to be low under mutual monogamy compared to polygyny or polyandry, sexual selection can be substantial not only under polygyny or polyandry but also under mutual monogamy, and both sexes can be subject to such selection. However, under monogamy, especially strict and long-term mutual monogamy, mate quality will be of greater importance for fitness than mate numbers.
(4) A main conclusion from this review is that despite decades of research using molecular methods to assign parentage to offspring, there are still major gaps in our knowledge regarding mating systems in general, and monogamy in particular. Many sections in this review note that more experimental and comparative work is needed. For evolutionary behavioural ecologists many important questions are still unanswered and this review has pointed out some of these. In particular, genetic compatibility is an area that holds great potential for future work on monogamy and other mating patterns.
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